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ABSTRACT

NON-NEWTONIAN RHEOLOGICAL CHARACTERISTICS OF OIL-BASED METAL
OXIDE NANOFLUIDS

Syed Mahmood Hasan, MS
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. John Shelton, Director

A nanofluid is a generally considered to be base fluid that contains nanoparticle suspensions, where
the nanoparticles could either be metals, metal oxides, or non-metals. Rheological properties of
nanofluids play an important role in determining heat transfer capacity and pumping power of a
fluid as they have the potential to improve heat transfer capacity and pumping power over a base
fluid. This research can give us a clear understanding of how particle concentration and type of
nanoparticle affect the viscosity of a nanofluid, which is the main parameter that influences the
rheological properties of a fluid based on range of shear rates for various concentrations.
Nanoparticles used for the experimentation are Al2O3 (5 nm) and TiO2 (5 nm) with paraffin oil
(white, CAS No: 8020-83-5) as the base fluid. Nanofluids containing single and mixture of
nanoparticles at 0.2 – 1.5 % volumetric concentrations are prepared using two-step method with a
sonication time of 12 hours, and viscosity is measured using Brookfield Dv2T rotational
viscometer with a cone (CPA-40Z) and plate apparatus. Results show that the Newtonian behavior
exhibited by the base fluid changes to a non-Newtonian shear thinning behavior upon addition of
nanoparticles and the viscosity increases with increasing the particle concentration. Viscosity of
Al2O3 nanofluids was higher than the viscosity of TiO2 nanofluids and the viscosity of hybrid

nanofluids was lower than Al2O3 nanofluids but higher than TiO2 nanofluids at lower
concentrations. This trend follows up to 0.5% volumetric concentration but deviates for higher
concentrations such as 1% and 1.5%.
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1.1

INTRODUCTION

Viscosity

Viscosity of a fluid is defined as the measure of resistance to flow. Higher the resistance, higher
will be the viscosity of the fluid. This resistance is caused by the friction offered when a layer of
fluid is made to move in relation to another layer. The mathematical definition of viscosity is the
ratio of shear stress to shear rate. The unit of viscosity is “poise” more commonly measured as
“centipoise”; 1 poise is equal to 100 centipoises.

1.2

Newtonian Fluid

The viscosity of this type of fluid doesn’t change upon application of stress. In mathematical
terms, the relationship between shear rate and viscosity is a straight line or a linear relationship;
the ratio of shear stress to shear rate is not constant.

1.3

Non-Newtonian Fluid

The viscosity of this type of fluid changes upon application of stress. In other words, it has nonlinear relationship between shear rate and viscosity. There are many types of non-Newtonian
flow behavior. The most common ones are pseudoplastic, dilatant, plastic dependent on shear
rate and thixotropy and rheopexy dependent on t
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1.4

Nanofluid

A nanofluid is a mixture of nanoparticles and base fluid wherein the nanoparticles are suspended
in the base fluid. Nanometer-sized particles are known as nanoparticles. Their size ranges from
1-100 nm. They can be of many types depending upon the application. This work focuses on
metal-oxide nanoparticles such as Al2O3, and TiO2 nanoparticles. Most common nanofluids
prepared use metals, oxides, carbides or carbon nanotubes as nanoparticles.
Water, ethylene glycol and oil are the most commonly used base fluids to prepare
nanofluids. Nanofluids have the potential to be used in heat transfer applications, fuel cells, etc.
They are prepared using two different methods; one is called as the one-step method and the
second one is called as the two-step method. The techniques involved in one-step method are
direct evaporation, chemical vapor condensation, and chemical precipitation, whereas the twostep method involves the method of dispersion followed by sonication.

1.5

Motivation

It is known that in most of the practical applications, the heat transfer fluid used will not remain
stationary; movement of fluid is considered advantageous for better heat transfer. Therefore, it is
necessary for one to understand the flow of the fluid. “Rheological properties of fluid are
essential to determine with average heat transfer coefficient which increases with particle
concentration as well as with Reynolds number” (Cabaleiro, Pastoriza-Gallego, GraciaFernandez, Pineiro, & Lugo, 2013). “Successful applications of heat transfer fluids depend on
the rheology of the fluid” (Sahoo, Vajjha, Ganguli, Chukwu, & Das, 2009). Viscosity is a very
important property of a fluid as the pumping power and pressure drop are dependent on
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Reynolds and Prandtl numbers which are in turn dependent on viscosity of a fluid. There is very
little literature on viscosity of mineral-oil-based nanofluids and hence requires attention. There
have been several reports on rheology of single-nanoparticle nanofluids and it is observed in
most of the cases that the viscosity has increased when compared to the viscosity of the base
fluid and this has made it difficult to implement nanofluids in actual application. Hybrid
nanofluids have the potential to solve these problems (Kostic, 2013). This forms the motivation
for this work.

1.6

Limitations

This work is limited to the effect of concentration and type of nanoparticle. Effect of size,
temperature, type of base fluid, surfactant and any additional additives are not taken into
consideration.

2

2.1

BACKGROUND

Rheological Behavior of TiO2 – EG Nanofluids

Chen, Ding, & Tan (2007)prepared nanofluids using dry TiO2 nanoparticles and pure EG
(ethylene glycol) with the help of the two-step method. The nanoparticles used were spherical in
shape with an approximate diameter of 25 nm. The volumetric concentration of nanofluids
prepared ranged from 0.1% - 1.8%. The use of surfactant/dispersant was avoided, as this would
lead to a change in viscosity thereby increasing the complexity to interpret the results. Malvern
Nanosizer was used to measure the particle size of nanofluids, which proved the stability of the
nanofluids produced. At first, only EG was tested using Bolin CVO rheometer to get the
viscosity values for a certain shear rate range (0.05 – 200 𝑆 −1 ) at temperatures 20, 30 and 40º C.
The value of viscosity at 20º C was approximately double the value of viscosity at 40º C. The
behavior of the base fluid was Newtonian as the viscosity didn’t change upon application of
shear stress. The nanofluids were tested with the same method as for the base fluid to formulate
the rheological behavior at a temperature range of 20-60ºC with increments of 5 K. It was
observed that the EG-TiO2 nanofluids showed Newtonian behavior at all concentrations and
temperatures at a shear rate more than 0.05𝑆 −1 (Figure 1). The SEM results of TiO2 nanoparticles
show that the size is approximately 25nm in diameter and after sonication of 20 h the size was
approximately 140nm.
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Figure 1 Shear Rate vs Viscosity (TiO2 - EG) (Chen, Ding, & Tan, 2007).

The results show that the viscosity increases with increase in concentration. All the nanofluids
experimented in this work were Newtonian. The non-Newtonian behavior of nanofluids depend
on particle volume fraction, shear rate and the properties of base fuild.
(Cabaleiro, Pastoriza-Gallego, Gracia-Fernandez, Pineiro, & Lugo, 2013) worked on
TiO2-EG nanofluids. Two types of TiO2 nanoparticles were considered for experimentation, one
anatase and other rutile. The size of rutile TiO2 nanoparticles ranged from 10 to 30nm. The SEM
results showed that the average size of anatase nanoparticles is 35nm and for rutile is 47nm.
Nanofluids were prepared using two-step method at mass concentrations ranging from 5% to
25%. The base fluid had a Newtonian behavior, whereas the nanofluids showed a clear nonNewtonian behavior (Figure 2). Chen, Ding, & Tan(2007) worked on the same type of nanofluid
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but the results reported a Newtonian behavior which is contrary to the behavior reported by
Cabaleiro, Pastoriza-Gallego, Gracia-Fernandez, Pineiro, & Lugo(2013).

Figure 2 Shear Rate vs Viscosity (TiO2 - EG) (Cabaleiro, Pastoriza-Gallego, Gracia-Fernandez,
Pineiro, & Lugo, 2013).
The properties of the nanoparticles such as shape, structure, and size can influence the
rheological behavior of the nanofluid. There is a need to understand the rheological behavior of
TiO2 nanofluids as the behavior reported in the literature is controversial.

2.2

Rheological Behavior of TiO2 – Water Nanofluids

It is necessary to understand the rheological behavior of TiO2 nanofluids in a different base fluid
other than ethylene glycol. Water is one of the most common base fluids used to prepare
nanofluids.
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In the work by Tseng & Lin(2003) TiO2 – water nanofluids were investigated for
volumetric concentrations of 0.95% - 0.12%. Nanofluids were prepared using two-step method.
The addition of TiO2 nanoparticles changed the base fluid from Newtonian behavior to nonNewtonian behavior. The nanofluids at all volumetric concentrations showed non-Newtonian
behavior (Figure 3).

Figure 3 Shear Rate vs Viscosity (TiO2 – Water) (Tseng & Lin, 2003).

In the work by He, Chen, Ding, Cang, & Lu(2007), TiO2 – water nanofluids were investigated;
the SEM results showed that the diameter of the nanoparticles is about 20 nm (Figure 4). Twostep method was used to prepare nanofluids with an ultrasonication time of 30 min. The
nanosizer was used to measure the average size of particles, which was 500nm. The range of the
volumetric concentrations that were studied was 0.2% - 2.5%.
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The addition of TiO2 nanoparticles changed the behavior of fluid from Newtonian to nonNewtonian. Shear thinning behavior was observed, which ends at shear rate greater than
100(1/S).

Figure 4 Shear Rate Vs Viscosity (TiO2 - Water) (He, Chen, Ding, Cang, & Lu, 2007).

From previous literature, it is clear that the addition of TiO2 nanoparticles to a base fluid which is
Newtonian changes its behavior to non-Newtonian shear thinning behavior. The reason behind
this change could be particle aggregation in the base fluid; this requires further investigation
which forms the motivation of this research work.
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2.3

Rheological Behavior of Al2O3 – Water and Al2O3 - EG Nanofluids

This literature study covers the rheological behavior of Al2O3 nanofluids and also the effect of
size, base fluid and concentration. In the work by Sahoo, Vajjha, Ganguli, Chukwu, & Das(2009)
Al2O3 – water Nanofluids are investigated to understand the rheological behavior. Nanofluids
were prepared using two-step method; the particle size of the nanoparticle was 53 nm. The range
of the volumetric concentrations was 1 to 10%. Viscosity increased with increased particle
concentrations and becomes 4 times at 10% volumetric concentration. Nanofluids behaved nonNewtonian at all volumetric concentrations.

Figure 5 Shear Rate vs Viscosity (Al2O3 - Water) (Sahoo, Vajjha, Ganguli, Chukwu, & Das,
2009).
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However, in the work by Zyla, Fal, Gizowska, & Marian(2015), rheological properties of Al2O3
– EG nanofluids were investigated; nanofluids were prepared using two-step method. The
average size of the nanoparticles was measured using Malvern Zetasizer Nano ZS and it was
found that the average size of the nanoparticles measured was 230 nm. The nanofluid showed
Newtonian behavior at lower concentrations and non-Newtonian shear thinning behavior at
higher concentrations. The shear thinning characteristic ends at shear rate beyond 100 (1/S) for
mass concentrations 5 – 15%. The viscosity of the nanofluid increased as the concentration of the
nanoparticles was increased (Figure 6).

Figure 6 Shear Rate vs Viscosity (Al2O3 - EG) (Zyla, Fal, Gizowska, & Marian, 2015).

Both Sahoo, Vajjha, Ganguli, Chukwu, & Das(2009) and Zyla, Fal, Gizowska, & Marian(2015)
worked with Al2O3 nanoparticles, but the size of nanoparticle and base fluid was different. By
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comparing both works it is clearly seen that the nanofluid with small nanoparticle size exhibits
non-Newtonian behavior even at low concentrations. However, the effect of base fluid is also
important to the rheology of nanofluid as the viscosity of pure fluid varies with different types.

2.4

Rheological Behavior of Non-Newtonian Nanofluids

Non-Newtonian behavior was observed by Anoop, Kabelac, Sundarajan, & Das(2009) Al2O3 –
water nanofluids were prepared for volume fractions of 0.5, 1, 2, 4 and 6%. The rated particle
size of the nanoparticles was 50 nm, but the average size of the particles when measured was
found to be 152 nm. Newtonian behavior was found for both the nanofluids. The viscosity of the
nanofluids increased with increase in concentration, similarly for Rudyak & Krasnolutskii(2014),
after modeling and simulation of nanolfuids viscosity increased when compared to the base fluid.
Al2O3 – water nanofluids were investigated by Singh, Sharma, & Gangacharyulu(2013)
to study the thermo-physical properties. Two-step method was used to prepare nanofluids at 0.1,
0.2 0.5% volumetric concentrations; the average size of the nanoparticle was 20nm. DV-III by
Brookfield was used to measure the viscosity of nanofluids. The addition of nanoparticles to the
base fluid changes its behavior from Newtonian to non-Newtonian (shear thinning). Viscosity of
the nanofluid was less than the viscosity of the base fluid.
In the work by Hamid, Azmi, Mamat, Usri, & Najafi(2015), Al2O3 nanoparticles were
suspended in a mixture of EG and water. The size of aluminum oxide nanoparticles was 13 nm.
Two-step method was used for preparation of nanofluids at 0.5, 1, 1.5 and 2% volumetric
concentrations. The viscosity of the nanofluid increased with increase in particle concentration,
whereas it decreased exponentially with the increase of temperature.
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Various authors observed non-Newtonian shear thinning behavior: Anoop, Sadr, Al-Jubouri, &
Amani(2013), Pastoriza-Gallego M. J., Lugo, Legido, & Pineiro(2011), Lu, Duan, &
Wang(2014), Maddah, Rezazadeh, Maghsoudi, & Nasirikokhdan(2013), Turgut, et al.(2009),
Alphonse, Bleta, & Soules(2009), Hojjat, Etemad, Bagheri, & Thibault(2011), Lu K. (2007),
Jung, et al.(2011). Yang & Grulke(2007), Ko, et al.(2007), William, Ponmani, Samuel,
Nagarajan, & Sangwai(2014), Shen, Chen, Zou, & Yun(2002).
When the concentration of the nanoparticles is increased, nanocluster may be formed due
to van der Waals forces between the nanoparticles. These nanoclusters resist the movement of
layers of the fluid on each other; this leads to increase in viscosity.

2.5

Rheological Behavior of Newtonian Nanofluids

In the work by Jamal-Abad, Dehghan, Saedodin, Valipour, & Zamzamian(2013) Al2O3, CuO and
TiO2 nanoparticles were investigated in an oil-based nanofluid for mass concentrations of 1%
and 2%. Two-step method was used to prepare the nanofluids: the average size of the
nanoparticles was found to be 40nm, the average size of Al2O3 nanoparticles was found to be 15
nm; and the average size of TiO2 nanoparticles was found to be 20 nm. The viscosity
experiments were carried out using Anton Paar rheometer. The maximum error deviation was
found to be less than 6%. It was observed that the viscosity of the nanofluid decreased with
increase in the shear rate showing a shear thinning behavior, whereas the base fluid was a shear
thickening fluid which means that the viscosity of oil increased with increase in strain rate.
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In this work Naik, Janardhana, Reddy, & Reddy(2010) prepared CuO – (water and
propylene glycol mixture) in volume fractions ranging from 0.025, 0.1, 0.4, 0.8, 1 and 1.25%.
Two-step method was used to prepare nanofluids; the base fluid has shown Newtonian behavior.
Increase in the concentration of nanoparticles is directly proportional to the increase in the
viscosity of the nanofluid. Nanofluids showed a decrease in viscosity with increase in
temperature. There was no change in relative viscosity of nanofluids with a change in the shear
rate for a particular viscosity ratio. The viscosity results were compared with the experimental
data available in the ASHRAE handbook.
Various authors have shown reported Newtonian behavior for nanofluids: Penkavova,
Tihon, & Wein(2011), Chevalier, Tillement, & Ayela(2007) Pastoriza-Gallego M. J., Lugo,
Legido, & Pineiro(2011), Namburu, Kulkarni, Misra, & Das(2007), Saeedinia, AkhavanBehabadi, & Razi(2012), Zhu, Li, Wu, Zhang, & Yin(2010), Xie, Yu, & Chen(2010),
Abdelhalim, Mady, & Ghannam(2011).

2.6

Rheological Behavior of Hybrid Nanofluids

Nanofluids have a proven record as excellent heat transfer fluids, but it has faced many
challenges in actual application due to its flow behavior, to solve this problem there has been a
development of a new class of nanofluids known as hybrid nanofluids that can enhance the flow
and heat transfer characteristics together. Hybrid nanofluids have the potential to improve heat
transfer characteristics as well as enhance flow properties for successful application. These
nanofluids may contain water, co-solvents, lubricants, co-polymer emulsions, dispersants and
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surfactants, rheological agents, surface energy controlled agents, and pH and ionic strengthadjusting agents (Kostic, 2013).
There is very little to find on hybrid nanofluids in terms of literature. In the work by
Bahrami, Akabari, Karimipour, & Afrand(2016), hybrid nanofluids made of iron (Fe) and copper
oxide (CuO) in a binary mixture of water and ethylene glycol were prepared at 0.05 to 1.5%
volumetric concentrations. The low-concentration samples showed Newtonian behavior while
the high-concentration samples showed non-Newtonian shear thinning behavior. Viscosity
increase was approximately 2200% (Figure 7).
Dardan, Afrand, & Isfahani(2016) worked on rheological behavior of engine oil
containing different quantities of hybrid nano-additives. The objective of the work was to
develop an engine oil that has enhanced thermal conductivity using nanoparticles, but the barrier
was the increase in viscosity of the nanofluid. Therefore, hybrid nanofluids were developed to
enhance the rheology of the nanofluid for successful application. Nanofluids were prepared by
suspending 0.0625% - 1% volume concentrations of 75 vol% alumina nanoparticles and 25 vol%
MWCNTs in SAE40 engine oil.
The results indicate the hybrid nanofluid showed a Newtonian behavior which is
favorable for nanofluid application and the viscosity increase was about 46% when compared to
the viscosity of the base fluid (Figure 8).
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Figure 7 Shear Rate vs Viscosity (Bahrami, Akabari, Karimipour, & Afrand, 2016)

Figure 8 Shear Rate vs Viscosity (Dardan, Afrand, & Isfahani, 2016)
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Hybrid nanofluids have proven to be excellent heat transfer fluids with high convective heat
transfer coefficient, improved thermal conductivity, and it increases as we increase the
volumetric concentration. For the volumetric concentration of 0.7%, the convective heat transfer
coefficient of hybrid nanofluid was enhanced by 48.4% Madhesh & Kalaiselvam(2014).
Similarly, in the work by Minea(2016), hybrid nanofluids proved to have a better heat transfer
enhancement but failed on pumping power requirements because of very high viscosity. There
was a significant increase in the convective heat transfer coefficient proportional to the volume
concentration and Reynolds number; for a volumetric concentration of 4%, the convective heat
transfer coefficient was enhanced by 257%.
Hybrid nanofluids have a great potential to solve problems associated with rheology of
single-nanoparticle nanofluids for successful application.

2.7

Empirical Analysis

Using curve fitting and power law, empirical data can be obtained for a nanofluid. In the work by
Bahrami, Akabari, Karimipour, & Afrand(2016), low concentration samples 0.05 vol% and
0.1vol% of the power law index is close to 1, which says that the fluid Newtonian. This power
index decreased with increase in concentration. This shows that the fluid behavior has changed
to non-Newtonian. Also, the consistency index increased with increase in concentration.

3
•

OBJECTIVE

Investigate the rheological behavior of mineral oil containing either TiO2 or Al2O3
nanoparticle suspensions.

•

Investigate the rheological behavior of paraffin oil containing mixtures of TiO2 and Al2O3
nanoparticle suspensions

•

Identify an empirical correlation that relates viscosity shear rate, and nanoparticle volume
fraction for both single particle type nanofluids and hybrid nanofluids.
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4.1

EXPERIMENTAL METHODOLOGY

Materials

4.1.1 Nanoparticles

Al2O3 and TiO2 nanoparticles were selected for the investigation for the following advantages:
they have proven ability to enhance heat transfer characteristics of the base fluid (Ghanbarpour,
Haghigi, & Khodabandeh, 2013), they are chemically stable, commercially available, safe to
work and cost effective.
Fig 9 shows SEM image of the Al2O3 nanoparticles purchased from US Research
Nanomaterials Inc. This image was taken from the scattered electron microscope available at
Argonne National Laboratory at 10,000 magnification power. From the image, it is clear that the
nanoparticles do not have the size as rated by the company; also, the structure of the particles
looks clustered and makes it difficult to identify the shape of the nanoparticle

Figure 9 Al2O3 Nanoparticles (5 nm) US Research Nanomaterials, Inc.

Fig 10 shows an SEM image of the TiO2 nanoparticles purchased from US Research
Nanomaterials Inc. This image was taken from the scattered electron microscope available at
Argonne National Laboratory at 10,000 magnification power. From the image, it is clear that the
nanoparticles do not have the size as rated by the company; also, the structure of the particles
looks granular and close to a circular shape. The density of Al2O3 nanoparticles is 3.89 g/𝑐𝑚3
and the density of TiO2 is 3.9 g/𝑐𝑚3 .
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Figure 10 TiO2 Nanoparticles (5nm) US Research Nanomaterials, Inc.

4.1.2 Base Fluid

White paraffin oil was selected as a base fluid for its high heat transfer capacity and potential
application as a nanofluid. A highly refined paraffin mineral oil was used by Anoop, Sadr, AlJubouri, & Amani(2013), which is widely used as a coolant liquid for heat exchangers. It can
also be used as a transformer oil, cutting fluid and lubricant. It was purchased from Carolina
Biological (Figure 11). The density of the oil is 0.8 g/𝑐𝑚3 .
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Figure 11 White Paraffin Oil (Mineral Oil), Carolina Biological.
4.1.3 Procedure to Measure Nanoparticles

The objective is to prepare the nanofluids in terms of volumetric concentration, but the
measuring device measures it in mass, so this volumetric concentration should be converted to
mass concentration.
The following equations are used to convert volumetric concentration to mass concentration:
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4.1.3.1 Single nanoparticle
𝜙𝐴𝑙2 𝑂3 /𝑇𝑖𝑂2 = 0.2 vol%, 0.5 vol%, 1.0 vol%, 1.5 vol%

𝜙𝐴𝑙2 𝑂3 /𝑇𝑖𝑂2

𝑚𝐴𝑙2 𝑂3/𝑇𝑖𝑂2
𝜌𝐴𝑙2 𝑂3 /𝑇𝑖𝑂2
=
𝑚𝑀𝑂
𝜌𝑀𝑂

where 𝑚𝐴𝑙2 𝑂3/𝑇𝑖𝑂2 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐴𝑙2 𝑂3 𝑜𝑟 𝑇𝑖𝑂2, 𝜌𝐴𝑙2 𝑂3 /𝑇𝑖𝑂2 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐴𝑙2 𝑂3 𝑜𝑟 𝑇𝑖𝑂2,
𝑚𝑀𝑂 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑜𝑖𝑙, 𝜌𝑀𝑂 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑜𝑖𝑙
A MATLAB program was created using the above two equations to obtain mass concentration of
nanofluids from volumetric concentrations of 0.2 – 1.5%. First, the mass of the mineral oil is

𝑥𝐴𝑙2 𝑂3

𝑚𝐴𝑙2 𝑂3
𝜌𝐴𝑙2 𝑂3
=𝑚
𝑚 𝑇𝑖𝑂2 𝑚𝑀𝑂
𝐴𝑙2 𝑂3
+
𝜌𝐴𝑙2 𝑂3
𝜌𝑇𝑖𝑂2 + 𝜌𝑀𝑂

measured, then based on that value, mass of nanoparticles is calculated and these values are used
in the above equations to obtain the volumetric concentration.

4.1.3.2 Hybrid Nanoparticle
𝜙𝑥𝐴𝑙2 𝑂3 −𝑦𝑇𝑖𝑂2 = (𝑥𝐴𝑙2 𝑂3 𝜙𝑥𝐴𝑙2𝑂3 −𝑦𝑇𝑖𝑂2 )+ (𝑦𝑇𝑖𝑂2 𝜙𝑥𝐴𝑙2𝑂3 −𝑦𝑇𝑖𝑂2 )

𝑥𝐴𝑙2 𝑂3 ; 𝑦𝑇𝑖𝑂2 = 0.25, 0.5, 0.75

𝑦𝑇𝑖𝑂2

𝑚 𝑇𝑖𝑂2
𝜌𝑇𝑖𝑂2
=𝑚
𝑚 𝑇𝑖𝑂2 𝑚𝑀𝑂
𝐴𝑙2 𝑂3
+
𝜌𝐴𝑙2 𝑂3
𝜌𝑇𝑖𝑂2 + 𝜌𝑀𝑂
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Initially the mass of the mineral oil is measured in the vial and this value is to be noted, then the
mixture percentages are plugged into the MATLAB program provided in the Appendix B. Now
the program will ask for the mass of mineral oil; once that is given the program generates the
mass of nanoparticles required to be suspended in the mineral oil using the above equations.

4.2

Procedure to Prepare Nanofluids

Two-step method (Figure 12): Measure nanoparticles according to the volumetric concentration
using a measuring device, then suspend these nanoparticles in a measured quantity of base fluid
and sonicate the mixture for 12 hours. The result of this method is a stable nanofluid.
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Figure 12 Two-step method to prepare nanofluids.

4.3

Experimental Setup for Viscosity Measurement

The Brookfield DV 2T Viscometer was used to measure viscosity of the nanofluids (Figure 13).
It measures fluid viscosity at given shear rates. Its torque range is 0.1-200 rpm, temperature
sensing range is -100°C to 300°C, and the viscosity accuracy is ±1.0% of full scale range.
Assemble and level the viscometer, switch on and autozero the viscometer, set the time, attach
the spindle using the wrench. The viscometer is set to take viscosity values.
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Figure 13 Brookfield DV 2T Viscometer

After setting up the viscometer, it is necessary to set up the plate. Cone and plate geometry was
chosen for viscosity measurements as it provides uniform shear rate throughout the cross-section
and is best suited for non-Newtonian fluids. As shown in Fig 14 the cone is first attached to the
viscometer using a wrench and the plate is attached using threading provided. To set up the gap,
the light provided on the viscometer is used. Once the cone touches the plate, the viscometer
displays a light; this light should be turned off by setting a gap through rotation of a nob
provided on the viscometer by one division. Next step is to add 0.5ml sample of nanofluid to the
plate using a pipette and take the viscosity values using the options provided on the touch screen
by setting an rpm with respect to the shear rate.
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The viscometer works on the idea that the force required to turn the object in a fluid is the
viscosity of the fluid. DV 2T viscometer has a spring and pivot assembly; as the spindle rotates,
the spring is deflected by the viscosity of the fluid inside the plate.

Figure 14 Cone and Plate Setup (Source: Brookfield)

5

5.1

RESULTS AND DISCUSSION

TiO2 – Mineral Oil Nanofluid

Viscosity Results were measured for volumetric concentrations of 0.2 – 1.5%. From the Fig 15 it
can be seen that the base fluid mineral oil has Newtonian behavior with an average viscosity of
14 centipoise. When nanoparticles are added to this base fluid at 0.2% volumetric concentration
the fluid changes its behavior to non-Newtonian shear thinning. It is clear from Fig 16 that the
viscosity of the base fluid increases with increase in concentration; the viscosity of nanofluid at
0.2 vol% is 1.21 times the viscosity of base fluid. The slope of curve increases as we increase the
concentration as seen in the Fig 15, but in the results obtained by Tseng & Lin(2003), the shear
thinning behavior is less significant at high shear rates. Similar characteristic is observed for He,
Chen, Ding, Cang, & Lu(2007).
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Figure 15 Shear Rate vs Average Viscosity (TiO2 - Mineral Oil)

Figure 16 Shear Rate vs Relative Viscosity (TiO2 - Mineral Oil)
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5.2

Al2O3 – Mineral Oil Nanofluid

Viscosity results were measured for volumetric concentrations of 0.2 – 1.5%. From the Fig 17, it
can be seen that the base fluid mineral oil has Newtonian behavior with an average viscosity of
14 centipoise. When nanoparticles are added to this base fluid at 0.2% volumetric concentration,
the fluid changes its behavior to non-Newtonian shear thinning. It is clear from fig 17 that the
viscosity of the base fluid increases with increase in concentration, the viscosity of nanofluid at
0.2 vol% is 1.65 times the viscosity of base fluid. Al2O3 – mineral oil nanofluids have shown
non-Newtonian behavior; similar behavior was observed by Sahoo, Vajjha, Ganguli, Chukwu, &
Das(2009) at 10 vol%. The slope of shear thinning for Al2O3 – mineral oil nanofluid and the
nanofluid by Zyla, Fal, Gizowska, & Marian(2015). increases as we increase the concentration
(Figure 18).

Figure 17 Shear Rate vs Average Viscosity (Al2O3 - Mineral Oil)
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Figure 18 Shear Rate vs Relative Viscosity (Al2O3 - Mineral Oil)
5.3

Al2O3 – Mineral Oil Nanofluid and TiO2 – Mineral Oil Nanofluid Comparison

Both the nanofluids change the behavior of the base fluid from Newtonian to non-Newtonian.
Viscosity increases with increase in concentration for both the nanofluids. The viscosity of Al2O3
– mineral oil nanofluid is higher than TiO2 – mineral oil nanofluid at concentrations of 0.2% and
0.5% volumetric concentrations, but the results deviate at higher concentrations; mostly due to
particle agglomeration. From Fig 19 we can say the viscosity of Al2O3 – mineral oil nanofluid is
higher than TiO2 – mineral oil nanofluid.
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Figure 19 Shear Rate vs Average Viscosity (Comparison)
5.4

Hybrid Nanofluids

Viscosity results were taken for Al2O3 and TiO2 hybrid nanofluid at volumetric concentrations of
0.2-1.5%. Similar rheological behavior was observed for all hybrid nanofluids. The behavior of
base fluid changed from Newtonian to non-Newtonian on addition of nanoparticles to it; also, the
viscosity of the nanofluid increased upon increasing the concentration. See Figures 20 – 25.
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Figure 20 Shear Rate vs Average Viscosity (Al2O3(25%) - TiO2(75%))

Figure 21 Shear Rate vs Average Viscosity (Al2O3(50%) - TiO2(50%))
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Figure 22 Shear Rate vs Average Viscosity (Al2O3(75%) - TiO2(25%))

Figure 23 Shear Rate vs Relative Viscosity (Al2O3(25%) - TiO2(75%))
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Figure 24 Shear Rate vs Relative Viscosity (Al2O3(50%) - TiO2(50%))

Figure 25 Shear Rate vs Relative Viscosity (Al2O3(75%) - TiO2(25%))
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5.5

Rheological Analysis of Nanofluids

The rheological behavior of single-nanoparticle and hybrid nanofluid is analyzed together at
individual volumetric concentrations for better understanding.

5.5.1 0.2 % Volumetric Concentration

Viscosities of hybrid nanofluid fall between the viscosities of individual Al2O3 and TiO2
nanofluid at all shear rates, where the viscosity of Al2O3 nanofluid is at the top and TiO2 at the
bottom as shown in the Fig 26.

Figure 26 Shear Rate vs Average Viscosity at 0.2 vol%
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5.5.2 0.5% Volumetric Concentration

From Fig 27, at high shear rates viscosities of hybrid nanofluids fall in between viscosities of
single-particle nanofluids, whereas at low shear rates viscosities of hybrids extend beyond
viscosities of single-particle nanofluids.

Figure 27 Shear rate vs Average Viscosity at 0.5 vol%
5.5.3 1% Volumetric Concentration
At high shear rates, the viscosity of Al2O3(75%) – (25%)TiO2 hybrid nanofluid is greater than
that of all other tested nanofluids. At lower shear rates, the viscosity of Al2O3(25%) – (75%)TiO2
hybrid nanofluid is higher that of all other tested nanofluids (Figure 28).
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Figure 28 Shear Rate vs Average Viscosity at 1 vol%
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5.5.4 1.5% Volumetric Concentration (Figure 29)

Figure 29 Shear Rate vs Average Viscosity at 1.5 vol%
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5.6

Power Law Analysis

5.6.1 Power Law Analysis for 0.2 vol% (Figure 30)

Figure 30 Power Law Model for 0.2 vol%
From Table 1, it is clear that Al2O3 – mineral oil nanofluid has the highest consistency index and
TiO2 has the lowest and all the hybrids fall in between. The power law index of the nanofluids is
close to 1. This means that the shear thinning behavior in low-concentration fluids is not
significant.

Table 1 Curve Fitting Data for 0.2 vol%
Type of Nanofluid

K

n

Al2O3

42.15

0.838
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25% Al2O3 – 75% TiO2

36.07

0.86

50% Al2O3 – 50% TiO2

30.842

0.901

75% Al2O3 – 25% TiO2

28.771

0.905

TiO2

26.3

0.897

5.6.2 Power Law Analysis for 0.5 vol% (Figure 31)

Figure 31 Power Law Model for 0.5 vol%

From Table 2, it is clear that Al2O3 – mineral oil nanofluid has the highest consistency index and
TiO2 has the lowest and all the hybrids fall in between. Shear thinning behavior is not that
significant.
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Table 2 Curve Fitting Data for 0.5 vol%
Type of Nanofluid

K

n

Al2O3

42.15

0.838

25% Al2O3 – 75% TiO2

36.07

0.86

50% Al2O3 – 50% TiO2

30.842

0.901

75% Al2O3 – 25% TiO2

28.771

0.905

TiO2

26.3

0.897

5.6.3 Power Law Analysis for 1.0 vol% (Figure 32)

Figure 32 Power Law Model for 1.0 vol%
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From Table 3, it is observed that the consistency index of hybrid nanofluid is higher than the
Al2O3 nanofluid, which shows that the results deviate from the trend at higher concentrations.
Shear thinning behavior has high significance for nanofluids with high concentration of
nanoparticles.

Table 3 Curve Fitting Data for 1 vol%
Type of Nanofluid

K

n

Al2O3

223.25

0.28

25% Al2O3 – 75% TiO2

446.92

0.431

50% Al2O3 – 50% TiO2

380.13

0.37

75% Al2O3 – 25% TiO2

353.61

0.345

TiO2

426.7

0.516

43
5.6.4 Power Law Analysis for 1.5 vol% (Figure 33)

Figure 33 Power Law Model for 1.5 vol%

From Table 4, it is observed that the consistency index of hybrid nanofluid is higher than the
Al2O3 nanofluid, which shows that the results deviate from the trend at higher concentrations.
Shear thinning behavior has high significance for nanofluids with high concentration of
nanoparticles.

Table 4 Curve Fitting Data for 1.5 vol%
Type of Nanofluid

K

n

Al2O3

688.76

0.326

25% Al2O3 – 75% TiO2

878.16

0.153
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50% Al2O3 – 50% TiO2

669.64

0.222

75% Al2O3 – 25% TiO2

645.87

0.267

TiO2

701.45

0.209

6

CONCLUSIONS

The following conclusions can be made from this research:
•

The viscosity of the individual Al2O3, TiO2 and hybrid nanofluids increased with increase in
volume concentration.

•

The behavior of the base fluid changed from Newtonian to non-Newtonian upon addition of
nanoparticles.

•

In comparison, at lower concentrations, the viscosity Al2O3 – mineral oil nanofluid is highest
and TiO2 – mineral oil nanofluid is lowest and the viscosities of the hybrid nanofluids fall in
between.

•

Power law model captures the empirical data for low-concentration samples, but a better
model is needed to curve fit the nanofluids at high concentrations.

•

High viscosity of nanofluid is due to the formation of nanoclusters. These nanoclusters resist
the flow of one layer of the fluid to another, thereby increasing the viscosity of the base fluid.

•

Shear thinning is observed due to high viscosity at low shear rates because nanoclusters are
difficult to break at low stresses. Once the stress value is increased, these barriers are broken
down, making the fluid to shear thin.
Hybrid nanofluids have a high potential to resolve the problem of implement nanofluids in

actual application due to unfavorable rheological behavior. More research should be done in the
field of hybrid nanofluids for successful application of nanofluids.

REFERENCES

Abdelhalim, M. A., Mady, M. M., & Ghannam, M. M. (2011). Rheological and dielectirc
properties of different gold nanoparticle sizes. Lipids in Health and Disease, 10(208).
doi:10.1186/1476-511X-10-208
Alphonse, P., Bleta, R., & Soules, R. (2009). Effect of PEG on rheology on stability of
nanocrystalline titania hydrosols. Journal of Colloid and Interface Science, 337(1), 8187. doi:10.1016/j.jcis.2009.04.087
Anoop, K. B., Kabelac, S., Sundarajan, T., & Das, S. K. (2009). Rheological and flow
characteristics of nanofluids: Influence of electroviscous effects and particel
agglomeration. Journal of Applied Physics, 106(034909). doi:10.1063/1.3182807
Anoop, K., Sadr, R., Al-Jubouri, M., & Amani, M. (2013). Rheology of mineral oil-SiO2
nanofluids at high pressure and high temperatures. International Journal of Thermal
Sciences, 77, 108-115. doi:10.1016/j.ijthermalsci.2013.10.016
Bahrami, M., Akabari, M., Karimipour, A., & Afrand, M. (2016). An experimental study on
rheological behavior of hybrid nanofluids made of iron and copper oxide in a binary
mixture of water and ethylene glycol: Non-Newtonian behavior. Experimental Thermal
and Fluid Science, 79, 231-237. doi:10.1016/j.expthermflusci.2016.07.015
Cabaleiro, D., Pastoriza-Gallego, M. J., Gracia-Fernandez, C., Pineiro, M. M., & Lugo, L.
(2013). Rheological and Volumetric Properties of TiO2 Ethylene Glycol Nanofluids.
Nanoscale Research Letters, 8(286). doi:10.1186/1556-276X-8-286

47

Chen, H., Ding, Y., & Tan, C. (2007). Rheological behaviour of nanofluids. New Journal of
Physics, 9(367). doi:10.1088/1367-2630/9/10/367
Chevalier, J., Tillement, O., & Ayela, F. (2007). Rheological properties of nanofluids flowing
through microchannels. Applied Physics Letters, 91(23). doi:10.1063/1.2821117
Dardan, E., Afrand, M., & Isfahani, A. H. (2016). Efect of suspending hybrid nano-additives on
rheological behavior of engine oil and pumping power. Applied Thermal Engineering,
109(Part A), 524-534. doi:10.1016/j.applthermaleng.2016.08.103
Ghanbarpour, M., Haghigi, E. B., & Khodabandeh, R. (2013). Thermal properties and
rheological behavior of water based Al2O3 nanofluid as a heat transfer fluid.
Experimental Thermal and Fluid Science, 53, 227-235.
doi:10.1016/j.expthermflusci.2013.12.013
Hamid, K. A., Azmi, W. H., Mamat, R., Usri, N. A., & Najafi, G. (2015). Investigation of Al2O3
Nanofluid Viscosity for Different Water/EG Mixture Based. Energy Procedia, 79, 354359. doi:10.1016/j.egypro.2015.11.502
He, Y., Chen, H., Ding, Y., Cang, D., & Lu, H. (2007). Heat transfer and flow behavior of
aqueous suspensions of TiO2 nanoparticles(nanofluids) flowing through a vertical pipe.
International Journal of Heat and Mass Transfer, 50(11-12), 2272-2281.
doi:10.1016/j.ijheatmasstransfer.2006.10.024
Hojjat, M., Etemad, S. G., Bagheri, R., & Thibault, J. (2011). Rheological characteristics of nonNewtonian nanofluids: Experimental investigation. International Communication HEat
ans mass tranfer, 38(2). doi:10.1016/j.icheatmasstransfer.2010.11.019

48

Jamal-Abad, M. T., Dehghan, M., Saedodin, S., Valipour, M. S., & Zamzamian, A. (2013). An
experimental investigation of rheological characteristics of non - Newtonian nanofluids.
Journal of Heat and Mass Transfer Research, 1, 17-23.
Jung, Y., Son, Y., Lee, J., Phuoc, T., Soong, Y., & Chyu, M. (2011). Rheological behvior of
clay-nanoparticle hybrid - added bentonite suspensions: specific role of hybrid additives
on the gelation of clay-based fluids. ACS Applied Material Interfaces, 3(9).
doi:10.1021/am200742b
Ko, G. H., Heo, K., Lee, K., Kim, D. S., Kim, C., Sohn, Y., & Choi, M. (2007). An experimental
study on the pressure drop of nanofuilds containing carbon nanotubes in a horizontal
tube. Internaltional Journal of Heat and Mass Transfer, 50(23-24).
doi:10.1016/j.ijheatmasstransfer.2007.03.029
Kostic, M. M. (2013). Critical issues in Nanofluid Research and Application Potentials. DeKalb:
Nova Science Publishers.
Lu, G., Duan, Y.-Y., & Wang, X.-D. (2014). Surface tension, viscosity, and rheology of waterbased nanofluids: a microscopic interpretation on the molecular level. Jorunal of
Nanoparticle Research, 16(2564). doi:10.1007/s11051-014-2564-2
Lu, K. (2007). Rheological behavior of carbon nanotube - alumina nanoparticle dispersion
system. Powder Technology, 177(3), 154-161. doi:10.1016/j.powtec.2007.03.036
Maddah, H., Rezazadeh, M., Maghsoudi, M., & Nasirikokhdan, S. (2013). The effect of silver
and aluminum oxide nanoparticles on thermophysical properties of nanofluids. Jounral of
Nanostructure in Chemistry, 3(28). doi:10.1186/2193-8865-3-28

49

Madhesh, D., & Kalaiselvam, S. (2014). Experimental Analysis of Hybrid Nanofluid as a
Coolant. Procedia Engineering, 97, 1667-1675. doi:10.1016/j.proeng.2014.12.317
Minea, A. A. (2016). Hybrid nanofluids based on Al2O3, TiO2 and SiO2: Numerical evaluation
of different approaches. International Journal of Heat and Mass Transfer, 104, 852-860.
doi:10.1016/j.ijheatmasstransfer.2016.09.012
Naik, M. T., Janardhana, G. R., Reddy, K. V., & Reddy, B. S. (2010). Experimental
Investigation into Rheological Property of Copper Oxide Nanoparticles Suspended in
Propylene Glycol-Water Based Fluids. APRN Journal of Engineering and Applied
Sciences, 5(6).
Namburu, P. K., Kulkarni, D. P., Misra, D., & Das, D. K. (2007). Viscosity of copper oxide
nanoparticles dispersed in ethylene glycol and water mixture. Experimental Thermal and
Fluid Science., 32(2), 397-402. doi:10.1016/j.expthermflusci.2007.05.001
Pastoriza-Gallego, M. J., Lugo, L., Legido, J. L., & Pineiro, M. M. (2011). Rheological nonNewtonian behaviour of ethylene glycol-based Fe2O3 nanofluids. Nanoscale Research
Letters, 6(560). doi:10.1186/1556-276X-6-560
Pastoriza-Gallego, M. J., Lugo, L., Legido, J. L., & Pineiro, M. M. (2011). Thermal conductivity
and viscosity measurements of ethylene glycol-based Al2O3 nanofluids. Nanoscale
Research Letters, 6(221). doi:10.1186/1556-276X-6-221
Penkavova, V., Tihon, J., & Wein, O. (2011). Stability and rheology of dilute TiO2-water
nanofluids. Nanoscale Research Letters, 6(273). doi:10.1186/1556-276X-6-273

50

Rudyak, V., & Krasnolutskii, S. L. (2014). Dependence of the viscosity of nanofluids on
nanoparticle size and material. Physics Letters A, 378, 26-27.
doi:10.1016/j.physleta.2014.04.060
Saeedinia, M., Akhavan-Behabadi, M. A., & Razi, P. (2012). Thermal and rheological
characteristics of CuO-base oil nanofluid flow inside a circular tube. International
Communications of Heat and Mass Transfer, 39(1), 152-159.
doi:10.1016/j.icheatmasstransfer.2011.08.001
Sahoo, B. C., Vajjha, R. S., Ganguli, R., Chukwu, G. A., & Das, D. K. (2009). Determination of
Rheological Behavior of Aluminum Oxide Nanofluid and Development of New Viscosity
Correlations. Petroleum Science and Technology, 27(15), 1757-1770.
doi:10.1080/10916460802640241
Shen, Z.-G., Chen, J., Zou, H.-K., & Yun, J. S. (2002). Rheology of colloidal BaTiO3 suspension
with ammonium polyacrylate as a dispersant. Material Science Engineering, 244(1-3),
61-66. doi:10.1016/j.colsurfa.2004.04.043
Singh, K., Sharma, S., & Gangacharyulu, D. (2013). Experimental Study of Thermophysical
Properties of Al2O3/Water Nanofluid. IJRMET, 3(2).
Tseng, W. J., & Lin, K.-C. (2003). Rheology and colloidal structure of aqueous TiO2
nanoparticle suspensions. Materials Science and Engineering: A, 355(1-2), 186-192.
doi:10.1016/S0921-5093(03)00063-7

51

Turgut, A., Tavman, I., Chirtoc, M., Schuchmann, H. P., Sauter, C., & Tavman, S. (2009).
Thermal conductivity and viscosity measurements of water based TiO2 nanofluids.
International Journal of Physics, 30(4). doi:10.1007/s10765-009-0594-2
William, J. K., Ponmani, S., Samuel, R., Nagarajan, R., & Sangwai, J. S. (2014). Effect of CuO
and ZnO nanofluids in xanthan gum on thermal, electrical and high pressure rheology of
water-based drilling fluids. Journal of Petroleum Science Engineering, 117, 15-27.
doi:10.1016/j.petrol.2014.03.005
Xie, H., Yu, W., & Chen, W. (2010). Mgo nanofluids: higher thermal conductivity and lower
viscosity among ethylene glycol-based nanofluids containing oxide nanoparticles.
Journal of Experimental Nanoscience, 5(5), 463-72. doi:10.1080/17458081003628949
Yang, Y., & Grulke, E. A. (2007). Thermal and rheological properties of carbon nanotube in oil
dispersions. Journal of Applied Physics, 99(247), 216-24. doi:10.1063/1.2193161
Zhu, H., Li, C., Wu, D., Zhang, C., & Yin, Y. (2010). Preparation, characterization, viscosity and
thermal conductivity of CaCo3 aqueous nanofluids. Science China Technological
Sciences, 53(2), 360-368. doi:10.1007/s11431-010-0032-5
Zyla, G., Fal, J., Gizowska, M., & Marian, C. (2015). Dynamic Viscosity of Aluminum Oxide
Ethylene Glycol (Al2O3 - EG) Nanofluids. Acta Physica Polonica Series a, 128(2), 240 243. doi:10.12693/APhysPolA.128.239

APPENDIX A

MATLAB CODE FOR VOLUMETRIC CONCENTRATION TO MASS CONCENTRATION
FOR SINGLE-NANOPARTICLE NANOFLUID
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clear all;
Cv=[0.01,0.02,0.03,0.04,0.05,0.06,0.07,0.08,0.09,0.1,0.11,0.12]; %Volume concentration%
Db=0.83;

%Density of Base fluid%

Dp=3.8;

%Density of Nano particle%

Dn=(Dp*Cv)-(Db*Cv)+Db; %Density of Nano fluid%
ADp=3.8*ones(1,12);
Cm=(ADp./Dn).*Cv; %mass concentration%
PCm=Cm.*100;

%mass concentration in '%' %

PCv=Cv.*100;

%volume concentration in '%' %

plot(PCm,PCv);
title('Mass concentration vs Volume Concentration (Al2O3)');
xlabel('Mass concentration');
ylabel('Volume Concentration');

APPENDIX B

MATLAB CODE FOR VOLUMETRIC CONCENTRATION TO MASS CONCENTRATION
FOR HYBRID NANOFLUID
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prompt1= 'Enter the volumetric concentration of Al2O3';
prompt2= 'Enter the volumetric concentration of TiO2';
prompt3= 'Enter the mass of mineral oil';
Cal = input(prompt1);

%Vol% of Al2O3%

Cti = input(prompt2);

%Vol% of TiO2%

mmo = input(prompt3); %mass of mineral oil%
pmo = 0.83;

%density of mineral oil%

pal = 3.90;

%density of AL2O3%

pti = 3.89;

%density of TiO2%

p= ((1-Cal)/pal);
q = -(Cal/pti);
r = (-Cti/pal);
s = ((1-Cti)/pti);
t = (mmo/pmo)*Cal;
u = Cti*(mmo/pmo);
xy= [p q; r s]\[t;u]

